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The depth and width of the groove discontinuity in the presence of corrugations and cascaded input waveguides were optimised using CHAMP software to obtain symmetrical as well as the amplitude taper. In the presence of a groove, the computed amplitudes of TEII, TMll and TE12 modes at the input of the corrugated horn are 0.84, 0.48 and 0.20, respectively, at 36.5 GHz. The multifrequency corrugated feed employing a groove discontinuity at the input of the corrugations is shown in Fig. 1 .
Results and discussion:
The measured co-polar radiation patterns with a groove discontinuity at 18.7 and 23.8GHz closely match the computed patterns as shown in Figs. 2 and 3 , respectively. The radiation patterns with and without a groove were found to be identical at 18.7 and 23.8 GHz and therefore patterns without a groove are not included in Figs. 2 and 3 . The measured radiation patterns with and without a groove at 36.5GHz are shown in Fig. 4 . As shown in this Figure the measured patterns without a groove are very narrow and patterns with a groove are wider. Although the measured patterns with a groove at 36.5 GHz do not closely match the computed patterns these patterns clearly exhibit the beam broadening effect due to the groove. The mismatch can be attributed to the horn and power coupling waveguides not being fabricated as a single piece. The worst case measured crosspolar patterns in the diagonal plane are shown in Figs. 2 -4. Measured return loss at all the frequencies is shown in Fig. 5 . Introduction: Metal-pipe rectangular waveguides (MPRWGs) have been used for many decades as a low-loss guided-wave structure. However, at millimetre-wave frequencies they can be difficult to manufacture with high precision using conventional machining techniques, and integration with planar circuitry can be difficult.
In This experimental proof-of-concept suffered from unacceptable attenuation due to (i) the design frequency being deliberately set close to the cutoff frequency; (ii) the ultra-small height of the structure ( 4 p ) ; and (iii) the use of very lossy materials (polyimide dielectric and aluminium conductor) [7] . Recently, a relatively lossy low-temperature cofired ceramic MPRWG was demonstrated at microwave frequencies [SI.
For volume manufacture of multichip modules [9], thick-film technology is attractive. Moreover, new photoimageable dielectric and conductor pastes give improved edge definifion and smaller feature sizes, resulting in the same performance as thin-film processing [lo] . To this end, this Letter describes the use of photoimageable thick-film technology for the fabrication of millimetre-wave MPRWGs.
Fubricution process; A summary of the simple multilayer thick-film fabrication process is as follows: (i) the first metal layer is screenprinted and fired; (ii) two dielectric layers are then screen-printed, patterned and fired; (iii) the second metal layer is screen-printed, patterned and fired. The sidewalls are formed using a long trench via by patterning, exposing and developing the photoimageable dielectric layer.
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Fig. 1 Photograph of thick-film M P R WG on-wafer STD calibration stimdards
Measurements: To demonstrate this technology, an E-band (60-90GHz) MPRWG was designed. The dielectric has relative permittivity E, = 9. The internal width and height dimensions of the 3D structures were 1220 and 1 8 p , respectively. A novel transiticin is used to couple energy efficiently from the coplanar waveguide (CPW) on-wafer measurement probe pads to the thinfhn microstrip (TFMS) feed line to the MPRWG, as shown in Fig. 1 . An alternative transition was recently presented by Deslandes and Wu [l 11, having a microstrip taper that abruptly meets an open-ended waveguide. This is likely to cause significant radiation and possible coupling to surface wave modes. With our tran-sition, the waveguide is almost closed at both ends (apart from a small slot for the tapered TFMS feed line), in order to minimise radiation and coupling to surface wave modes. Standard on-wafer measurement techniques were employed, using MultiCal@. For measuring the performance of the back-toback transitions, short-through-delay (STD) calibration standards where realised in the TFMS medium. Fig. 2 shows the resulting measured return loss response of the back-to-back transition. Subsequent work has shown that this type of transition is capable of achieving a return loss better than 20 dB over the entire waveguide band. For the first time, for measuring the performance of miniature multilayer MPRWGs, STD calibration standards were realised in the MPRWG medium, as shown in Fig. 1 , allowing its propagation constant to be determined directly from the calibration process. Fig. 3 shows the measured phase constant (normalised to its free-space value) and attenuation constant per millimetre for this E-band multilayer MPRWG. As can be seen, attenuation is very close to the predicted value of 0.50dB/mm across the 60 to 80 GHz range. Above -80 GHz, attenuation increases rapidly due to the onset of the TE,, mode, which propagates above 82GHz for a lossless implementation. The low attenuation is extremely good, given that the height is only 18pm. Further work is taking place to establish a process in which a much more sensible aspect ratio can be achieved. It is envisaged that a height greater than 50pm can be realisable using this thick-film process, offering attenuation levels below 0.22 dB/mm, which far outperforms planar transmission lines above 60 GHz.
Using thick-film processing, it is possible to design circuits based on both planar microstrip and low-loss dielectric-filled MPRWG components, all on a single substrate at millimetric frequencies, offering both design flexibility and low loss. Furthermore, because the MPRWG is filled with a dielectric, its length is comparable with that of microstrip.
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Conclusion: Millimetre-wave rectangular waveguides, fabricated using simple photoimageable thick-fh processing, have been presented for the first time. The waveguide attenuation has been shown to be approximately 0.5 dB/mm, between 60 to 80 GHz. In addition, a novel CPW-to-TFMS-to-MPRWG transition has been presented, which allows conventional on-wafer measurements to be performed with STD calibration standards.
